While screening for bioactive compounds from edible mushrooms, a new potent antioxidant, vialinin A (1), together with a known compound, ganbajunin B (2), and a mixture of ganbajunins D (3) and E (4), were isolated from the dry fruiting bodies of Thelephora vialis. The structure of 1, 5 0 ,6 0 -bis(phenylacetoxy)-1,1 0 :4 0 ,1 00 -terphenyl-2 0 ,3 0 ,4,4 00 -tetraol, was elucidated by spectroscopic and chemical methods. This compound had strong 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical-scavenging activity with an EC 50 value of 14.0 M, nearly equal to that of butylated hydroxytoluene (BHT; EC 50 ¼ 10:0 M). A radical scavenging experiment using 1 and DPPH radicals indicated that 1 donated two hydrogen atoms to two molecules of the DPPH radical under hydrophobic conditions. Key words: mushroom; vialinin A; Thelephora vialis; free radical
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Food is an essential human need, and researchers throughout the world are now studying food factors with tertiary functions that regulate the body function and have the potential to prevent and cure diseases. Studies on food factors have, therefore, spread to many fields. Studies on the biological activities of the factors are attractive and beneficial for the development of potentially valuable foods. The challenge to discover these novel food factors is one of the most important goals to realize the full potential of foods.
Mushrooms have been used for centuries as folk medicine and food. In the Yunnan province of China, Thelephora vialis (Thelephoraceae family) is a favorite edible mushroom due to its special flavor and taste. The Thelephoraceae family contains phellanic acid 1) (an antibiotic), and xylerythrin, 2) 5-O-methyl-xylerythrin, 2) peniophorin 3) and peniosanguin 4) (fungal pigments). In addition, terphenyl-related compounds, some of which have several important bioactivities (e.g., immunosuppression, 5) and anti-insect and antibacterial activities 6) ) have been in fungi: ganbajunins A-G and cycloleucomelone from Thelephora ganbajun, 7) thelephorin A from Thelephora vialis, 8) thelephantins A-H from Thelephora aurantiotincta, 9, 10) and thelephantins I-N from Hydnellum caeruleum.
11)
In the course of screening for new 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical-scavenging compounds from the Thelephoraceae family (Thelephora vialis), we found a novel antioxidant, designated vialinin A (1), together with a known compound, ganbajunin B (2) and an inseparable mixture of ganbajunins D (3) and E (4) (Fig. 1) . In this paper, we describe the isolation of the active compounds, the structural elucidation of 1, the DPPH radical-scavenging activities of the isolated compounds, and the proposed DPPH radical-scavenging mechanism for 1 deduced from the structure of reaction product 5 between 1 and the radical.
Materials and Methods
Chemicals. DPPH, BHT, and the other reagents were analytical-grade products obtained from Wako Pure Chemical Industries (Osaka, Japan).
Mushroom material. The dry fruiting bodies of Thelephora vialis were purchased from Kunming Edible Mushroom Institute (China).
Instruments. Spectroscopic measurements were taken with the following instruments: Jeol JNM-ECA600 spectrometer (NMR), Jeol JNM-A400 spectrometer (NMR), Hitachi U-1500 spectrophotometer (UV and visible spectra), Shimadzu FT-IR-8100M spectrophoy To whom correspondence should be addressed. Fax: +81-3-5477-2735; E-mail: abe@nodai.ac.jp Abbreviations: ATR, attenuated total reflection; BHT (butylated hydroxytoluene), 2,6-bis(1,1-dimethylethyl)-4-methylphenol; DPPH, 2,2-diphenyl-1-picrylhydrazyl; ESI, electrospray ionization; HPLC, high-performance liquid chromatography; MPLC, medium-pressure liquid chromatography tometer (IR), Jeol T100LC spectrometer (ESI-MS), and Jeol JMS-HX110 spectrometer (FAB-MS). Silica gel column chromatography was performed on silica gel 60 (70-230 mesh ASTM, Merck & Co., Whitehouse Station, NJ, U.S.A.). TLC was performed with a precoated silica gel plate (60 F 254 , Merck & Co., Whitehouse Station, NJ, U.S.A.). The medium-pressure liquid chromatographic (MPLC) system consisted of an Eyela VSP-3050 ceramic pump connected to an Eyela UV-9000 UV-vis detector. The HPLC system consisted of a Jasco PU-2080 pump connected to a Jasco UV-2070 detector (at 254 nm).
Purification and isolation of the active compounds from Thelephora vialis that scavenged DPPH free radicals. The dry fruiting body (420 g) of Thelephora vialis was extracted with 80% acetone (8.0-liter) for 48 h at room temperature and filtered. The resulting filtrate was evaporated to an aqueous concentrate in vacuo, and then extracted with an equal volume of ethyl acetate (EtOAc) at pH 3.0 to give 36.5 g of an EtOAc extract. Some of this EtOAc extract (10.0 g) was applied to chromatography in a Sephadex LH-20 column (30 mm Â 700 mm), using a mixture of CHCl 3 and CH 3 OH (6:4) as the eluent. Twenty 100-ml fractions were collected, to give two active fractions A (Frs. 6-9) and B (Fr. 10). Fraction A (6.04 g) was subjected to silica gel column chromatography, eluting with CHCl 3 / CH 3 OH (49:1), and subsequently purified by reversephase MPLC (YMC ODS-AQ 120), eluting with 0.15% KH 2 PO 4 (pH 3. HPLC analysis of vialinin A (1), ganbajunin B (2), and the mixture of ganbajunins D (3) and E (4). A 2-ml aliquot of 1.0 mg/ml of each sample was withdrawn and injected into an analytical HPLC system under the following conditions: column, Wakosil-II 5C18 HG (6:0 mm Â 250 mm, Wako Pure Chemicals, Japan); solvent system, 0.15% KH 2 PO 4 (pH 3.5)/CH 3 CN (1:1); flow rate, 1.7 ml/min; detection, 254 nm. DPPH free radical-scavenging activity. An ethanol solution of a sample (2.0 ml) was mixed with a 0.5 mM DPPH ethanol solution (1.0 ml) and 0.1 M acetate buffer (pH 5.5; 2.0 ml). After standing for 30 min, the absorbance of the mixture at 517 nm was measured. The EC 50 value was determined as the concentration of each Vialinin A, a Novel DPPH Radical Scavengersample required to give 50% of the absorbance shown by a blank test.
Analysis of the reaction products between 1 and DPPH. Two milliliters of a 0.8 mM chloroform solution of 1 was slowly added to 2.0 ml of a 1.6 mM DPPH chloroform solution. The reaction mixture was stirred at room temperature for 30 min. A 10-ml aliquot of the solution was withdrawn and injected into an analytical HPLC system under the following conditions: column, Capcellpak C18 UG (4:6 mm Â 150 mm, Shiseido, Japan); solvent system, 0.15% KH 2 PO 4 (pH 3.5)/ CH 3 CN (4:6); flow rate, 1.0 ml/min; detection, 254 nm.
Isolation of reaction product 5. Compound 1 (30.0 mg) was dissolved in chloroform (2.0 ml). The solution was slowly added to 2 ml of a 42.2-mg DPPH chloroform solution. The reaction mixture was stirred for 30 min at room temperature. The resulting solution was concentrated in vacuo and subsequently applied to preparative HPLC under the following conditions: column, Capcellpak C18 UG 120 (15:0 mm Â 250 mm, Shiseido, Japan); solvent system, 0.15% KH 2 PO 4 (pH 3.5)/CH 3 CN (7:3); flow rate, 8.8 ml/min; detection, 254 nm. Pure compound 5 was afforded as a reddish powder (12.3 mg).
4,4
00 -Dihydroxy-5 Table 2 .
Preparation of tri-p-bromobenzoate (6) . p-Bromobenzoyl chloride (2.0 mg, 9.1 mmol) was added to a stirred solution of compound 1 (1.4 mg, 2.4 mmol) in pyridine (50 ml) at room temperature, and the mixture was stirred at room temperature for 2 h. After adding ice, the resulting mixture was vigorously stirred for 1 h and then concentrated in vacuo. The residue was purified by preparative TLC (n-hexane:EtOAc = 2:1, developed twice) to give the corresponding tri-p-bromobenzoate (6, 2.0 mg), and tetra-p-bromobenzoate (7, 0.5 mg). Preparation of diphenylmethylene acetal (8) . Dichlorodiphenylmethane (3.0 ml, 16 mmol) was added to a stirred solution of compound 1 (1.5 mg, 2.6 mmol) in pyridine (50 ml) at room temperature, and the mixture was then stirred at room temperature for 17 h. After adding ice, the resulting mixture was vigorously stirred for 2 h and then concentrated in vacuo. The residue was purified by preparative TLC (n-hexane:EtOAc = 1:1, developed twice) to give the corresponding acetal (8, 0.9 mg). In addition, 0.2 mg of 1 was recovered. 
Results and Discussion

Isolation
The dry fruiting body of the mushroom, Thelephora vialis, was extracted with 80% acetone, and the concentrated aqueous residue was extracted with EtOAc. The EtOAc extract was successively fractionated by Sephadex LH-20 gel filtration (CHCl 3 / CH 3 OH), silica gel chromatography (CHCl 3 /CH 3 OH), reverse-phase MPLC [CH 3 CN/0.15% KH 2 PO 4 (pH 3.5)] and preparative HPLC [CH 3 CN/0.15% KH 2 PO 4 (pH 3.5)], to give compound 1 (112.2 mg), ganbajunin B (2, 87.9 mg), and a mixture (79.8 mg) of ganbajunins D (3) and E (4).
Identification of ganbajunin B (2) and the mixture of ganbajunins D (3) and E (4)
The HPLC analyses of the isolated compounds gave individual peaks at 5.5 min (the mixture of 3 and 4), 6.2 min (1), and 11.5 min (2) under the same conditions. The 1 H-NMR spectrum (in acetone-d 6 ) of the eluate (t R ¼ 5:5) showed that two groups of signals existed in the ratio of 3:1, which was interpreted as indicating that the peak consisted of two different compounds. An analysis of the 1 H-NMR and 13 C-NMR data suggested that the eluate was a 3:1 mixture of ganbajunins D (3) and E (4).
7) It was also observed in the NMR tube that 4 was changed slowly into p-quinone compound 9 by airoxidation, 7) and that the ratio of 3:4:9 stabilized to 6:2:1 after 14 days. A p-quinone carbonyl carbon signal of 9 was observed at 180.5 ppm, and a methylene proton signal of the phenylacetoxy group was observed at 3.90 ppm with a low-field shift. During this NMR experiment, there was no reduction in the proportion of 3 to 4. This evidence indicated that ganbajunins D (3) and E (4) could isomerize each other, and supported the structure of 3 to be that of the proposed 1,4-hydroquinone. 7) It is necessary to emphasize that methylene signals of the phenylacetoxy groups for 3 and 4 were observed at 3.59 and 3.62 ppm in an acetone-d 6 solution, although the reported values 7) were 3.24 and 3.25 ppm, respectively. The 1 H-NMR and 13 C-NMR data, including 2D NMR data for compound 2 (t R ¼ 11:5), in acetone-d 6 revealed enough evidence to be identified as ganbajunin B, 7) in spite of some discrepancy in 1 H-NMR chemical shifts for the methylene signals of phenylacetoxy group; e.g. the observed values were 3.38, 3.80 and 4.00 ppm, and reported values were 3.62, 3.72, and 3.78 ppm.
7)
Structural determination of vialinin A (1) The molecular formula of compound 1, which was obtained as a brownish amorphous powder, was established as C 34 H 26 O 8 from high-resolution ESI-MS (pos.) data. The UV and visible spectra were similar to those of p-terphenyl compounds, e.g., thelephantins.
9) The characteristic absorption bands at 3375 and 1750 cm À1 in the IR spectrum respectively suggested that 1 possessed hydroxy and carbonyl group.
The 1 H-and 13 C-NMR spectra of compound 1 in acetone-d 6 (Table 1) The structure was further elucidated through an interpretation of the HMBC experiments on 1 ( Table 1) H) and C-7 ( C 123.1) and between 14-H (18-H) and C-10 confirmed that the benzene moieties were connected to the central benzene ring of a pterphenyl skeleton at C-4 bound to C-7 and at C-13 bound to C-10.
The three remaining quaternary carbon signals ( C 123.1, 134.6, and 141.7) in the 13 C-NMR spectrum of 1 exhibited a symmetrical six-substituted benzene ring occupied by two sets of three substituents, which were expected to be a hydroxy, phenylacetoxy, and 4-hydroxyphenyl group on the basis of the molecular symmetry of 1. Unlike known ganbajunin E (4), which could be isomerized to ganbajunin D (3), vialinin A (1) showed no isomerization. It is suggested that the structure of 1 that satisfied all the spectral data, including NOE differential experiments, was 5 0 ,6 0 -bis(phenylacetoxy)-1,1 0 :4 0 ,1 00 -terphenyl-2 0 ,3 0 ,4,4 00 -tetraol ( Fig. 1) , designated vialinin A (1). Complete assignment of the 1 H-and 13 C-NMR spectra of compound 1, including the distinction between C-8 and C-9 ( C 134.63) and C-3 0 and C-3 00 ( C 134.68) based on 13 C-NMR with a gated decoupling method (Fig. 2) , are described in Table 1 .
To confirm the proposed structure of vialinin A (1), tri-p-bromobenzoate (6) was prepared as an unsymmetical derivative for NOE studies. In the 1 H-NMR spectrum, signals of two phenylacetoxy groups on 6 were separated, and NOEs were observed from 2 0 -H to 4 00 -H and 5 00 -H, and also from 2 00 -H to 4 0 -H and 5 0 -H by careful NOE differential experiments. The catechol structure of 1 was also confirmed by preparing a diphenylmethylene acetal derivative (8) whose structure was determined by ESI-MS and NMR data, including PFG-HMBC data. In the HMBC spectrum, the cross peak between the ortho-proton of the diphenyl groups and the quaternary acetal carbon ( C 117.5) was observed in a CDCl 3 solution. Based on this evidence, the structure of vialinin A (1) was determined to be that shown in Fig. 1 .
DPPH free radical-scavenging activity
The strong antioxidative activities of the p-terphenyl derivatives isolated from some mushrooms have been reported by several groups. 8, [12] [13] [14] [15] The potential antioxidative activities of compounds 1 and 2 and of the mixture of compounds 3 and 4 (3:1) were examined by using the DPPH free radical-scavenging system. After standing for 30 min, the EC 50 values of the tested samples were 14.0 mM (1), 10.4 mM (2), and 24.6 mM (the mixture of 3 and 4), these being nearly equal to that of BHT for the standard antioxidant (EC 50 , 10.0 mM). This evaluation supports the previous report 14) which proposed that the dibenzofuran skeleton was more suitable for a DPPH radical scavenger than the p-terphenyl one.
Evaluation of the products of reaction between vialinin A (1) and the DPPH radical based on an HPLC analysis The mixture of 0.8 mmol of vialinin A (1) and 1.6 mmol of the DPPH radical was stirred in chloroform for 30 min. The HPLC chromatogram of the reaction mixture gave three peaks with retention times of 2.9 (a), 3.4 (b), and 6.6 (c) min. A comparison with retention times of authentic samples revealed that two of the peaks could be assigned to vialinin A (1, 2.9 min) and 1,1-diphenyl-2-picrylhydrazine (DPPH:H, 6.6 min). The remaining peak (3.4 min) appeared in the HPLC chromatogram after the reaction. The appearance of this unknown peak indicated that a reaction product had been produced (molar ratio, a:b:c = 0.1:1:2; as described later, peak b was identified as compound 5). Structural determination of the reaction product (5) Vialinin A (1) was dissolved in chloroform, and the chloroform solution was slowly added to the DPPH chloroform solution. The reaction mixture was stirred for 30 min. The resulting mixture was concentrated in vacuo and purified by preparative HPLC to yield 12.3 mg of reaction product 5.
Product 5 was obtained as a reddish brown amorphous powder, and the molecular formula of 5 was determined to be C 34 H 24 O 8 based on the FAB-MS (neg.) and HRESI-MS (neg.) data for the quasimolecular ion ½M þ H À and ½M À H À . The UV and visible spectral data of 5 suggested the presence of a long conjugated system. The 1 H-and 13 C-NMR spectra of compound 5 in acetone-d 6 (Table 2 ) demonstrated that the structure of 5 was completely symmetrical and very similar to that of vialinin A. The 13 C-NMR spectrum suggested that, in the central benzene moiety, C-11 and C-12 at C 141.7 attributable to C-OHs of a catechol structure, were changed to C-11 and C-12 at C 178.7, which were assigned to carbonyl carbons in an o-quinone system.
The results of the HMBC experiments under several delay conditions to detect small long-range coupling correlations for reaction product 5 are summarized in Fig. 3 . These selected experiments provided valuable observations for structural elucidation. In the 1 H-NMR spectrum of 5 at 400 MHz, a hydroxy proton signal at 8.65 ppm was observed rather more sharply than in the 600 MHz data, and cross-peaks were observed between 1-OH (16-OH) and C-2 (C-15) and C-6 (C-17) on the hydroxy groups at C-1 and C-16 using a short delay time (Á ¼ 50 ms) to decrease the effects of T 2 relaxation decay. To detect the four-bond long-range correlations, an HMBC experiment was performed under the condition of Á ¼ 166:7 ms ( LR J CH ¼ 3 Hz) at 600 MHz. Long-range correlation from the methylene protons to C-8/C-9 indicated two phenylacetoxy groups bound to C-8 and C-9. The correlations from 3-H (14-H) to C-8 (C-9) and quinone carbonyl carbon C-12 (C-11) ( C 178.7) indicated that the compound 5 possessed a symmetrical o-quinone system. These spectral data confirmed that the structure of 5 was 4,4 00 -dihydroxy-5 0 ,6 0 -bis(phenylacetoxy)-1,1 0 :4 0 ,1 00 -terphenyl-2 0 ,3 0 -quinone.
Proposed mechanism for the DPPH free radicalscavenging activity of vialinin A (1)
The DPPH radical-scavenging mechanism of vialinin A (1) was deduced from its conversion into product 5 during the DPPH radical-scavenging reaction. The withdrawal of a hydrogen atom by the first equivalent of the DPPH free radical generated an unpaired electron on 11-O. The electron moved on C-11, and then interacted with one olefinic electron between C-11 and C-12 to form a C=O bond. The remaining olefinic electron pushed out a hydrogen atom of 12-OH to the second equivalent of a DPPH free radical, to yield stable o-quinone molecule 5. The DPPH free radical-scavenging process of vialinin A (1) terminated the radical reaction.
Further studies on the biologic activity of vialinin A (1) are continuing. 
